Introduction
============

Around 1.5 billion years ago, linear chromosomes emerged from a circular chromosome ancestor ([@msw248-B31]; [@msw248-B63]; [@msw248-B44]; [@msw248-B39]). This innovation held. There are no reports of eukaryotic linear chromosomes re-evolving a circular architecture, except in pathogenic states ([@msw248-B82]; [@msw248-B132]). Concomitant with linear chromosome emergence was a completely new chromosomal feature---a chromosome end ([@msw248-B31]; [@msw248-B63]; [@msw248-B44]). This distal part of a linear chromosome poses distinct threats to genome integrity and faithful chromosome transmission. First, DNA replication machinery cannot reach the extreme ends of linear chromosomes ([@msw248-B129]; [@msw248-B123]). Terminal DNA sequence is lost each cell cycle. Second, naked chromosome ends appear as double stranded breaks to DNA repair machinery. Inappropriate repair of terminal DNA sequence causes end-to-end chromosome fusion ([@msw248-B29]). The specialized nucleoprotein complex found at the extreme ends of linear chromosomes---the telomere, safeguards the genome from these two threats. Telomeres combat this sequence erosion by recurrent addition of repetitive DNA to the chromosome terminus ([@msw248-B45]; [@msw248-B123]) and evade devastating fusions by effectively hiding the terminal base pairs from DNA repair machinery ([@msw248-B29]; [@msw248-B81]; [@msw248-B95]).

Telomere integrity is a strictly conserved feature of eukaryotic linear chromosomes---faithful chromosome segregation and telomere length homeostasis is readily observed across yeast, fly, worm, mouse, and human chromosomes. However, not all proteins required for telomere integrity are conserved. In fact, distantly related species encode only partially overlapping repertoires of telomeric proteins ([@msw248-B8]; [@msw248-B123]; [@msw248-B30]; [@msw248-B48]; [@msw248-B95]). Even very closely related species encode wildly diverged telomeric proteins. More than two decades ago, Schmid and Tautz reported that the expressed sequence tag "anon-EST:fe1G5" derived from *Drosophila yakuba* failed to hybridize to a cDNA library derived from its close relative, *D. melanogaster* ([@msw248-B107]). A subsequent population genetic analysis of the "fastest evolving clone" in their dataset lead the authors to conclude that the anon-EST:fe1G5 "coding region evolves with a near neutral rate and under apparently neutral conditions." In other words, this gene evolved under a lack of functional constraint. Over a decade later, the telomeric protein HOAP (encoded by *caravaggio*) was mapped to this exceptional cDNA ([@msw248-B17]). Remarkably, this putatively neutrally evolving gene turned out to be absolutely essential in Drosophila. HOAP depletion and dysfunction causes catastrophic telomere fusions and ultimately, lethality ([@msw248-B17]). This paradoxical combination of a conserved, essential function supported by unconserved machinery suggests that recurrent evolutionary innovation may be required to maintain telomere integrity.

Building evidence supports this prediction. Several population genetic and molecular evolution analyses in Drosophila have inadvertently analyzed proteins that protect chromosome ends and/or mediate telomere length. The famous Drosophila speciation genes *lethal hybrid rescue* and *Hybrid male rescue* were found to evolve rapidly under positive selection ([@msw248-B3]; [@msw248-B73]) and then later shown to mediate telomere length ([@msw248-B104]). Similarly, the adaptively evolving *aubergine* and *armitage* genes ([@msw248-B86]; [@msw248-B60]; [@msw248-B67]; [@msw248-B114]), studied for their critical roles in transposable element suppression, were also later found to protect chromosomes ends from fusion ([@msw248-B58]). Several rapidly evolving genes required for female meiosis also maintain telomere integrity ([@msw248-B1]). Finally, the extremely young paternal telomere protection protein, K81 ([@msw248-B72]; [@msw248-B34]; [@msw248-B42]; [@msw248-B33]), and its phylogenetically labile parent gene, *HipHop* ([@msw248-B33]), revealed that whole gene birth and death diversify telomere gene families. Despite these sporadic reports of positive selection shaping an ostensibly conserved cellular function, there has been no comprehensive population genetic, molecular evolution, or phylogenomic analysis of genes required for telomere integrity in any eukaryote.

To gain insight into the evolutionary mechanism shaping telomere proteins individually and as a group, we investigated the dynamic evolutionary history of genes required for chromosome end-protection and length homeostasis in Drosophila. We report evidence of pervasive rapid evolution for all three flavors of telomere protein---"terminin" complex, DNA repair, and chromatin organization/transcription---in Drosophila. We discover that almost half of these genes harbor statistical signatures of positive selection over short and/or long stretches of evolutionary time. We also augment previous reports of young, lineage-restricted paralogs derived from telomere integrity parent genes ([@msw248-B33]). Across these parent--daughter gene pairs, we observed striking evolutionary transitions from ubiquitous to germline expression and vice versa. All together, the pervasive positive selection and recurrent gene turnover implicate a persistent force challenging these essential proteins to change over time. We propose that the highly repetitive, gene-poor, transcriptionally silent, and fast-evolving primary telomeric sequence ([@msw248-B70]; [@msw248-B101]; [@msw248-B126]; [@msw248-B2]; [@msw248-B120]) *is* this constantly changing selection regime. Drosophila's unique mechanism of telomere length maintenance---domesticated transposable elements rather than telomerase-based repeat addition to chromosome ends---offers manifold opportunities for conflict with telomeric proteins ([@msw248-B89]; [@msw248-B112]). However, our data suggest that transposable elements are only one of many evolutionary pressures that may select for telomere protein innovation. Motivated by the range of molecular functions performed by fast-evolving telomere proteins, we propose four models of genetic conflict with telomere-embedded selfish elements that shape telomere biology in Drosophila and beyond.

Results
=======

To investigate the evolutionary forces that shape Drosophila telomere biology, we first established a set of gene inclusion criteria. We identified genes for which protein depletion either by genetic lesion or transcript knockdown results in telomere fusions or telomere length change ([Table 1](#msw248-T1){ref-type="table"}; [@msw248-B16]; [@msw248-B35]; [@msw248-B92]; [@msw248-B105]; [@msw248-B17]; [@msw248-B7]; [@msw248-B24]; [@msw248-B87]; [@msw248-B6]; [@msw248-B77]; [@msw248-B94]; [@msw248-B25]; [@msw248-B88]; [@msw248-B41]; [@msw248-B61]; [@msw248-B90]; [@msw248-B97]; [@msw248-B34]; [@msw248-B43]; [@msw248-B58]; [@msw248-B96]; [@msw248-B11]; [@msw248-B42]; Silva-Sousa et al. [@msw248-B112], [@msw248-B113]; [@msw248-B80]; [@msw248-B104]; [@msw248-B15]; [@msw248-B71]; [@msw248-B115]; [@msw248-B26]). In Drosophila, telomere length is maintained in two ways. First, recombination between sister, homologous, or possibly non-homologous chromosome ends can extend telomeres ("terminal conversion"; [@msw248-B79]; [@msw248-B53]). Second, and probably most frequently, specialized telomeric retrotransposons insert at the chromosome termini ([@msw248-B69]; [@msw248-B89]). Telomere lengthening by both mechanisms can be detected via Southern Blot or qPCR on genomic DNA prepared from mutant flies ([@msw248-B8]). We excluded genes in which mutations and/or knockdown changed retrotransposon transcript abundance only---overexpression alone of specialized transposable elements (TE) charged with maintaining ends does not increase genomic DNA insertion frequency ([@msw248-B122]; [@msw248-B13]). Similarly, we excluded proteins that localize to telomeric arrays but do not protect telomere ends from fusions or changes in length, e.g., Prod and JIL-1 ([@msw248-B122]; [@msw248-B112]). Ultimately, we compiled 29 genes encoded in the *D. melanogaster* genome required for telomere protection and/or telomere length homeostasis ([table 1](#msw248-T1){ref-type="table"}) that span three molecular functions: the "terminin" complex---the proteinaceous cap at chromosome termini, DNA repair proteins, and proteins that mediate chromatin organization and/or transcription ([table 2](#msw248-T2){ref-type="table"}). To determine the evolutionary forces shaping sequence polymorphism and divergence at these genes, we performed population genetic and molecular evolution analyses that capture both short and long evolutionary time scales, respectively. For these analyses, we consider the 29 genes as a whole, as two distinct mutational classes (chromosome fusion, length change), or as three distinct functional classes (terminin, DNA repair, and chromatin/transcription factor).

Table 1Genes Included in Our Evolutionary Analyses[^a^](#msw248-TF1){ref-type="table-fn"}![](msw248t1.jpg)[^3]

Table 2McDonald--Kreitman Test Results[^a^](#msw248-TF2){ref-type="table-fn"}![](msw248t2.jpg)[^4]

Recent Evolution of Genes Required for Telomere Integrity
---------------------------------------------------------

To detect evidence of adaptive evolution over short time scales---up to 3 million years---we used the genomes of 197 *D. melanogaster* strains collected in Zambia, Africa, as well as *D. simulans* ([@msw248-B49]) and *D. yakuba* ([@msw248-B27]) as outgroup genomes for our analysis. Population genomic analysis of *D. melanogaster* from diverse geographic locations in Africa suggests Zambia as the ancestral range of *D. melanogaster* ([@msw248-B91]). Furthermore, Zambian population has limited admixture from non-African populations ([@msw248-B64]). Recent demographic history should thus have limited effect on our analyses \[but see [@msw248-B111]\].

A comparison of all 29 telomere integrity genes to all other genes encoded in the *D. melanogaster* genome revealed no significant differences from the expected heterozygosity at synonymous sites (synonymous π), the ratio between nonsynonymous and synonymous π, or Tajima's D (supplementary table S1, Supplementary Material online). Instead, we observed significant differences between the focal telomere integrity genes and genome-wide expectations for several analyses that incorporate between-species divergence. Consistent with accelerated accumulation of nonsynonymous substitutions, we discovered that telomere integrity genes as a group have significantly larger *dN/dS* estimates (nonsynonymous/synonymous divergence) along the *D. melanogaster* lineage (Mann--Whitney U test, *P* = 0.002, [fig. 1*A*](#msw248-F1){ref-type="fig"}, supplementary table S1, Supplementary Material online). Within the 29 focal genes, *dN/dS* is significantly elevated for both length regulators and end-protectors (including and excluding genes that perform both functions) as well as for transcription/chromatin factors ([fig. 1*A*](#msw248-F1){ref-type="fig"}, supplementary table S1, Supplementary Material online). We also estimated the proportion of adaptive amino acid substitutions (α; [@msw248-B117]) for each gene. This estimate, α, is elevated for telomere integrity genes compared with the genome wide average, though the difference is not statistically significant (Mann--Whitney U test, *P* = 0.150, [fig. 1*B*](#msw248-F1){ref-type="fig"}, supplementary table S1, Supplementary Material online). We considered the possibility that heterogeneity across our telomere protein classes obscured our α comparisons. Compared with the genome-wide average, genes that encode terminin proteins and the transcription/chromatin factors, but not repair proteins, have significantly elevated α estimates (Mann--Whitney U test, *P* = 0.026 for terminin and 0.043 for transcription/chromatin, [fig. 1*B*](#msw248-F1){ref-type="fig"}, supplementary table S1, Supplementary Material online). Moreover, length regulators have larger α estimates than end-protectors ([fig. 1*B*](#msw248-F1){ref-type="fig"}, supplementary table S1, Supplementary Material online). To formally test whether the proportion of amino acid substitutions shaped by positive selection is significantly higher for telomere proteins as a group, we implemented a likelihood ratio test following [@msw248-B130]. We discovered that telomere genes as a class have significantly larger α than genome-wide average (*P* \< 0.00001), particularly terminin and transcription/chromatin genes as well as length regulators (supplementary table S2, Supplementary Material online). This result holds even if we exclude piRNA pathway genes, which were previously reported to have, as a group, an elevated α (*P* \< 0.00001, supplementary table S2, Supplementary Material online; [@msw248-B67]). [Fig.]{.smallcaps} 1Two estimates of adaptive evolution across mutant classes and broadly defined molecular functions. *dN* = rate of nonsynonymous substitutions, *dS* = rate of synonymous substitutions. α refers to the proportion of adaptive sites. (MWU test of gene groups compared with all genes: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).

To identify specific genes shaped by recurrent adaptive evolution, we conducted McDonald--Kreitman tests ([@msw248-B76]; MK test, henceforth), which contrast polymorphic and fixed nonsynonymous and synonymous sites. We ran the analysis in two ways. First, we included all segregating sites in our MK test. However, slightly deleterious nonsynonymous polymorphisms have been implicated in rendering the MK test overly conservative ([@msw248-B37]; [@msw248-B20]). This issue is especially pressing with large numbers of within-species alleles, which leads to an increased probability of sampling rare, slightly deleterious variants. To address this issue, we also performed MK test in which the alleles with frequencies below 15% are removed ([@msw248-B37]). It is worth noting that the latter MK test reduces the number of observations and thus our statistical power. Accordingly, the two MK tests are complementary and genes could reject neutrality in only one test. In the first analysis, we found five genes that reject the null hypothesis in the direction of excess nonsynonymous substitutions (positive α: *nap-1, lhr, aub, hmr, armi*, [table 2](#msw248-T2){ref-type="table"}). These results are consistent with previous reports on smaller samples for *lhr, aub, hmr*, and *lhr.* This is the first report of positive selection shaping *nucleosome assembly protein 1 (nap-1)*, a chromatin remodeler recently reported to protect telomere ends from fusion ([@msw248-B71]). In the second analysis, where we minimize the effect of slightly deleterious, segregating nonsynonymous variants, we identified three additional genes that have undergone recurrent adaptive protein evolution (*woc, atr*, and *ku80*). Like [@msw248-B107], we were unable to detect positive selection at *caravaggio/*HOAP between *D. melanogaster* and *D. simulans* ([@msw248-B107]).

To determine if adaptive amino acid substitutions are concentrated in particular domains of adaptively evolving proteins, we conducted a sliding window MK test. For a subset of these adaptively evolving genes, we observed striking overlap of positive selection windows and annotated domains ([table 3](#msw248-T3){ref-type="table"}). For example, the entire "nucleosome positioning domain" of NAP-1 overlaps a significant MK window.

Table 3Results of Sliding Window McDonald--Kreitman Test[^a^](#msw248-TF3){ref-type="table-fn"}![](msw248t3.jpg)[^5]

The MK-test is based on comparing ratios of nonsynonymous to synonymous divergence to that of polymorphism. Genes with statistical power to reject the null hypothesis are biased towards those that have experienced recurrent directional selection but retain sufficient polymorphism. Genes harboring newly arising beneficial variants that were fixed by positive selection recently are expected to have reduced polymorphism ("selective sweep"; [@msw248-B56]; [@msw248-B116]) and so lack the power to detect signatures of adaptation under the MK test framework. To detect recent selective sweeps at genes required for telomere integrity, we performed a [@msw248-B36]) test, which evaluates the deviation of the frequency spectrum of derived alleles from neutral expectations. However, we detect no evidence for recent sweeps on telomere genes (supplementary table S4, Supplementary Material online).

Our population genetic analyses suggest that, as a group, telomeric genes are enriched for signatures of adaptive evolution. At the individual gene level, we identified many telomere integrity genes that encode transcription/chromatin factors and DNA repair proteins shaped by positive selection. One third of the telomere integrity genes listed in [table 1](#msw248-T1){ref-type="table"} harbor this signature in at least one test. These data suggest that telomere maintenance over short stretches of evolutionary time may require recurrent innovation.

Recurrent Evolution of Genes Required for Telomere Integrity over 10 Million Years
----------------------------------------------------------------------------------

To investigate the evolutionary forces that shape telomere proteins over longer evolutionary timescales, we leveraged the 10 million years of evolution captured by the melanogaster group ([@msw248-B21]). We extracted and aligned the coding sequences of all 29 genes from sequenced species in this subclade. Using the codeml program in PAML ([@msw248-B131]), we performed a likelihood ratio test to identify genes that have accelerated nonsynonymous substitutions in some or all lineages (model 7 vs. model 8). We compared the log likelihoods of two alternative models that estimate *dN/dS* (nonsynonymous/synonymous substitutions) for each site. In model 7, *dN/dS* is beta-distributed between only 0 and 1, whereas in model 8, *dN/dS* is beta distributed but allowed to exceed 1 (i.e., positive selection, in conservative terms). Genes for which M8 was a significantly better fit are consistent with a history of positive selection ([@msw248-B131]).

Using these phylogenetic methods, we discovered six of the 29 genes evolving under positive selection ([table 4](#msw248-T4){ref-type="table"}: *atm, atr, mre11, z4, hrb87f*, and *rhi*). Three additional genes were marginally significant ([table 4](#msw248-T4){ref-type="table"}: *woc, aub, ku80*). Exceptionally rapid structural evolution (and consequently poor alignments) of three genes precluded our ability to test for positive selection (*HipHop, cav*, and *hmr*). Not surprisingly, there is striking overlap between the population genetic and molecular evolution analyses. This overlap suggests that many genes evolve under positive selection along the *D. melanogaster* lineage and repeatedly along ancestrally diverged Drosophila lineages. However, for some genes, like *z4* and *hrb87f*, we detected evidence of positive selection over longer timescales only. These data implicate different selection regimes shaping amino acid substitutions across different clades within the melanogaster group and/or only a small subset of codons recurrently turning over for these two genes.

Table 4Molecular Evolution of Genes Required for Telomere Integrity[^a^](#msw248-TF4){ref-type="table-fn"}![](msw248t4.jpg)[^6]

Several Fast Evolving Telomere Integrity Genes Duplicate Frequently and Degenerate Sporadically
-----------------------------------------------------------------------------------------------

Telomere protein repertoires may diversify not only by recurrent amino acid substitutions but also by whole gene duplication and divergence. Previous phylogenomic analysis of the Heterochromatin Protein 1 gene family, the founding member of which protects telomere ends, revealed a dramatic history of gene birth, death, and turnover ([@msw248-B68]). Moreover, several young duplicates of genes that encode the terminin members Hiphop, K81, and HOAP have been documented previously ([@msw248-B99]; [@msw248-B33]). However, phylogenetic relationships and tissue-specific expression patterns of these young duplicate genes in the melanogaster group were not explored. Using a combination of BLAST, synteny analysis, and phylogenetics, we resolved parent--daughter gene ancestral relationships and discovered additional young paralogs derived from genes that encode these and other telomere protection proteins.

The terminin member *HipHop* birthed the *m(s)k81*gene ("*k81*" henceforth) between 10 and 15 million years ago ([@msw248-B33])*.* While Hiphop localizes to telomeres in both the soma and germline of *D. melanogaster*, K81 localizes exclusively to paternal telomeres during the final stages of sperm development and is required for faithful paternal chromosome segregation in the early embryo ([@msw248-B34]; [@msw248-B43], 2011). *HipHop* is an essential gene in *D. melanogaster* ([@msw248-B43]). Nevertheless, we found only a degenerated version along the branch leading to *D. ficusphila* ([fig. 2*A* and *E*](#msw248-F2){ref-type="fig"}; supplementary fig. S1, Supplementary Material online). *D. ficusphila* instead encodes lineage-restricted *HipHop-*derived duplicate genes (*HipHip-1B, HipHop-33B*, [fig. 2*A*](#msw248-F2){ref-type="fig"}, supplementary table S5, Supplementary Material online). Note that we named paralogs by the parent gene name and syntenic cytolocation in *D. melanogaster* reference genome ([fig. 2*D*](#msw248-F2){ref-type="fig"}). *D. takahashii*, in contrast, preserved both *HipHop* and *k81* and encodes multiple *k81*-derived duplicate genes (*k81--97D, k81--24C*, [fig. 2*A*, *E*, and *D*](#msw248-F2){ref-type="fig"}, supplementary table S5, Supplementary Material online). Finally, the sister species pair *D. elegans* and *D. rhopaloa* encode *HipHop* but not *k81* ([fig. 2D](#msw248-F2){ref-type="fig"}; supplementary figs. S2 and S3, Supplementary Material online). These two species instead encode young *HipHop*-like and *k81*-like duplicate genes (*HipHop-1B*, *k81-16Fa, k81--16Fb* \["a" and "b" are tandem\], [fig. 2*A*, *D*, and E](#msw248-F2){ref-type="fig"}; supplementary table S5, Supplementary Material online). We observed no young *HipHop*- or *k81*-derived daughter genes in the melanogaster subgroup ([fig. 2*A* and *E*](#msw248-F2){ref-type="fig"}). [Fig.]{.smallcaps} 2Results of phylogenomic analysis across the melanogaster group. Bayesian phylogenetic trees constructed from alignable regions of (*A*) *HipHop*-like genes, (*B*) *caravaggio*-like genes, and (*C*) *nucleosome assembly protein 1*-like genes. Paralog gene names refer to the parent gene and cytolocation in the syntenic region of *D. melanogaster.* (*D*) Syntenic locations of parent and daughter genes across the *D. melanogaster* reference chromosomes. (*E*) Birth (solid arrow) and death (dotted line arrow) events inferred by and mapped onto species tree. Posterior probabilities \> 0.70 indicated on branches and only for nodes of interest.

Young daughter genes of another terminin member, *cav/*HOAP, were discovered previously across 60 million years of Drosophila evolution ([@msw248-B99]; [@msw248-B33]). We investigated the ancestral relationships of the *D. ficusphila, D. rhopaloa*, and *D. elegans* lineage-restricted paralogs. *D. ficusphila* encodes a private *cav* duplicate (*cav-46C*) and *D. rhopaloa* and *D. elegans* share an independent duplicate gene (*cav-74E*, [fig. 2*B*, *E*, and D](#msw248-F2){ref-type="fig"}; supplementary table S5, Supplementary Material online). These young duplicate genes fail to cluster within-species ([fig. 2*B*](#msw248-F2){ref-type="fig"}). This topology is consistent instead with the two daughter genes duplicating from ancient *cav*-like ancestors or, more likely, extremely rapid evolution that obscures ancestral relationships ([fig. 2*B*](#msw248-F2){ref-type="fig"}). The remaining species in the melanogaster group encode only *cav* ([fig. 2*B* and *E*](#msw248-F2){ref-type="fig"}). Similar to the *HipHop/k81* subfamily, we observed no young duplicate genes in this family in the melanogaster subgroup.

The remarkable evolutionary dynamics of *HipHop*-, *k81*-, *cav*- derived paralogs suggested that other genes required for telomere integrity may have duplicated during this short 10 million-year timespan. Many of the 29 focal genes are members of large, highly diverse families with gene functions unrelated telomeres (e.g., HP1 genes; [@msw248-B68]). After culling these entries, we were left with a single gene family. *Nucleosome assembly factor protein-1*, or *nap-1*, evolves under positive selection ([table 2](#msw248-T2){ref-type="table"}), prevents telomere fusions in *D. melanogaster* ([@msw248-B71]), and is part of a small gene family including paternal chromatin remodeler *milkah/hanabi* ([@msw248-B59]; [@msw248-B32]) and the uncharacterized, testis-expressed *CG3708* ([@msw248-B59]; [@msw248-B10]). We discovered that both *nap-1* and *milkah (mil)* are conserved across all species in the melanogaster group ([fig. 2*C* and *E*](#msw248-F2){ref-type="fig"}). In contrast, the testis-restricted *CG3708* gene was lost at least once along the lineage leading to sister species *D. elegans* and *D. rhopaloa* ([fig. 2*C* and *E*](#msw248-F2){ref-type="fig"}, supplementary figs. S4 and S5, Supplementary Material online). These two species and several others encode a *nap-1* duplicate gene, *nap-1-1B* ([fig. 2*C*--*E*](#msw248-F2){ref-type="fig"}), which pre-dates the melanogaster group clade and appears to have been lost at least three times ([fig. 2*C*](#msw248-F2){ref-type="fig"}; supplementary figs. S6 and S7, Supplementary Material online).

Pervasive Parent--Daughter Gene Expression Evolution across Germline and Somatic Tissues
----------------------------------------------------------------------------------------

To determine if young daughter genes are transcribed and if so, whether expression recapitulates the parental pattern, we conducted a comprehensive tissue-specific expression analysis of parent and daughter genes. We first examined mRNA abundance across germline and somatic tissues for the *Hiphop/k81* subfamily genes. Of the four species examined, *D. eugracilis* represents the *D. melanogaster*-like gene family---a single *HipHop* and a single *k81* ([figs. 2 and](#msw248-F2){ref-type="fig"}[3*A*](#msw248-F3){ref-type="fig"}), though the *D. melanogaster k81* appears to have lost ovary expression (or the melanogaster group recently gained ovary expression ([@msw248-B72])). Although *HipHop* is relatively ancient and required for telomere protection in both germline and somatic cells, we detected only a degenerated version in the lineage leading to *D. ficusphila* (see above). *D. ficusphila* instead encodes the *HipHop*-derived, ubiquitously expressed *HipHop-1B* ([fig. 3*A*](#msw248-F3){ref-type="fig"}), consistent with the possibility of functional replacement. *D. rhopaloa* lost the germline *k81* gene; however, it encodes two tandem, testis-enriched *k81*-derived genes that may also serve as functional replacements (*k81--16F4a, k81--16F4b*, [fig. 3*A*](#msw248-F3){ref-type="fig"}). Interesting, unlike the parent *k81* genes in the other melanogaster group species, expression of these two young daughter genes is noticeably absent from the *D. rhopaloa* ovary ([fig. 3*A*](#msw248-F3){ref-type="fig"}). We predict that the uniquely ovary-enriched *D. rhopaloa HipHop* gene takes on this typically k81-dependent ovary function. We observe no evidence of functional replacement in *D. takahashii*---neither *HipHop* nor *k81* degenerated. We predict instead that the multiple *k81*-like genes (*k81--97D, k81--24C*) perform novel, germline-specialized telomere functions or instead take over some germline functions previously performed by the parent. Overall we observe maintenance of ubiquitous expression patterns (e.g., *HipHop* and *Hiphop-1B*) as well as ubiquitous-to-germline enriched gene expression evolution (e.g. *HipHop*-derived *k81* in *D. eugracilis* and *D. takahashii*,) and germline-to-ubiquitous gene expression evolution (e.g., *k81*-derived *k81-24C* in *D. takahashii*). [Fig.]{.smallcaps} 3Expression evolution across parent and daughter telomere integrity genes. (*A*) Gene families founded by *Hiphop*, (*B*) *cav*, and (*C*) *nap-1* RT-PCR products amplified with species- and gene-specific primers (left) across a panel of adult tissues (H = head, O = ovaries, C = remaining carcass, T = testis). \*Refers to the smaller isoform of two detected across all tissues.

The gene *cav* encodes a ubiquitously expressed terminin protein. In all species examined, we detected *cav* expression in all tissue types ([fig. 3*B*](#msw248-F3){ref-type="fig"}). *cav* expression is enriched in germline tissues of all species except *D. rhopaloa.* In this exceptional species, we detect instead equal mRNA abundance across all tissues. Intriguingly, the *D. rhopaloa cav* duplicate gene (*cav-46C*) is enriched in germline tissue ([fig. 3*B*](#msw248-F3){ref-type="fig"}), consistent with the possibility that *cav-46C* took on the specialized testis- and ovary-specific roles of its parent gene. *D. ficusphila's* young *cav* duplicate, *cav-74E*, is expressed ubiquitously.

The *nap-1* duplicate, *nap-1-1B*, arose before the common ancestor of melanogaster group. Reminiscent of the young *HipHop, k81*, and *cav* duplicates, this relatively ancient but recurrently degenerating paralog is testis-enriched in both *D. eugracilis* and *D. rhopaloa*. The *nap-1-1B* in the *D. eugracilis* genome encodes a young intron. We detected only the smaller isoform in the testis while we detect both isoforms in non-testis tissues ([fig. 3*C*](#msw248-F3){ref-type="fig"}). We speculate that the testis-enriched, *D. rhopaloa nap1-1B* may have taken on the role of a now-degenerated *CG3708* ([fig. 2*E*](#msw248-F2){ref-type="fig"}). These results, together with the gene family paralog and expression evolution in the *HipHop* and *cav* families, implicate the germline as a hotspot for recurrent innovation in Drosophila telomere biology.

Discussion
==========

Telomere integrity is a strictly conserved feature of eukaryotic linear chromosomes. Indeed, faithful genetic inheritance requires chromosome end-protection and length homeostasis ([@msw248-B29]; [@msw248-B123]; [@msw248-B125]; [@msw248-B13]; [@msw248-B75]; [@msw248-B95]). This strict conservation over distant evolutionary time predicts that the molecular machinery supporting these processes is also strictly conserved. We report instead that telomeric proteins as a group exhibit exceptional rates of evolution. The proportion of adaptive amino acid substitutions is elevated when compared with other genes in the genome and individual telomere protection proteins evolve rapidly under positive selection between closely related species. Positive selection shapes both the telomeric chromatin factors and DNA repair proteins that mediate either end-protection and/or length homeostasis. Several of these genes, investigated previously for their roles in speciation ([@msw248-B3]; [@msw248-B73]), genome defense ([@msw248-B86]; [@msw248-B60]; [@msw248-B67]; [@msw248-B114]), and meiosis ([@msw248-B1]) were found to evolve adaptively. Our analysis identified additional, positively selected chromatin/transcription factors and DNA repair proteins required for telomere maintenance and protection, including Nap1, Woc, Z4, Ku80, and Hrb87f. Positive selection may also shape the terminin complex ([@msw248-B95]), which effectively hides chromosomes ends from inadvertent repair. As a group, terminin proteins have the largest estimated proportion of adaptive amino acid substitutions. However, insertions and deletions accumulate so rapidly in two terminin members (encoded by *HipHop* and *cav*) that we could not conduct rigorous molecular evolution analyses. In addition to pervasive amino acid substitutions, striking whole-gene birth and death evolution dominates several families founded by genes required for telomere integrity. We observed diversification of both germline and ubiquitously expressed parent genes and several cases of potential functional replacements by lineage-restricted daughter genes. These episodes of gene turnover are reminiscent of "revolving door evolution" in the Heterochromatin Protein I gene family, where gene family size remains constant while gene identity recurrently turns over ([@msw248-B68]). Our analysis of codon evolution along 2--3 and 10 million years, as well as the whole-gene duplication and tissue-specific expression evolution, points to the paradoxical scenario of conserved telomere function maintained by rapidly evolving cellular machinery.

What drives this pervasive amino acid and whole-gene turnover across closely related species? We posit that the exceptionally rapid evolution of the telomeric DNA sequence ([@msw248-B70]; [@msw248-B101]; [@msw248-B126]; [@msw248-B2]; [@msw248-B120]) shapes telomere proteins and protein repertoire diversification. The leading explanation for pervasive positive selection at centromeric proteins is intra-genomic conflict with the rapidly evolving primary DNA sequences that they package ([@msw248-B46]; [@msw248-B74]; [@msw248-B102]; [@msw248-B23]). Like the gene-poor, repeat-rich genome compartment around centromeres, telomeric DNA sequence evolves exceptionally fast ([@msw248-B70]; [@msw248-B101]; [@msw248-B126]; [@msw248-B2]; [@msw248-B120]). And like the many positively selected but essential centromeric DNA packaging proteins ([@msw248-B74]; [@msw248-B108]), our comprehensive investigation found that essential telomere proteins are exceptionally dynamic over evolutionary time. We propose that selfish telomeric DNA shapes telomere protein evolution.

Selfish DNA elements violate Mendel's Laws, hijacking the inheritance process and increasing their own transmission rate to \>50% in the next generation ([@msw248-B103]; [@msw248-B12]). Such elements are considered "selfish" because, unlike the rest of the host genome, they can increase in frequency over time at the expense of host fitness. This jockeying for enhanced transmission selects for silencing mechanisms that restore Mendelian segregation and mediate deleterious incidental byproducts, such as nondisjunction or genome instability ([@msw248-B12]). Telomeric DNA, like pericentromeric DNA, may be particularly hospitable for selfish DNA elements. Low gene density minimizes the likelihood of lesions in unique genes upon selfish element insertions and/or expansions. Purifying selection is thus less likely to remove the element from the population ([@msw248-B18]; [@msw248-B19]; [@msw248-B4]). Moreover, many empirically studied selfish elements are multi-locus ([@msw248-B12]; [@msw248-B110], [@msw248-B109]; [@msw248-B66]); for example, one locus encodes a poison and another, usually linked locus, encodes the "antidote." Suicide chromosomes emerge when recombination unlinks the two loci. Minimal recombination in the telomeric heterochromatin ([@msw248-B62]; [@msw248-B65]) means larger physical distances (and so larger target sizes) in which these systems can arise.

Who are the cryptic selfish elements found in telomeric DNA and how do they hijack telomere biology for their own evolutionary gain? The repeat-rich DNA sequence at and adjacent to Drosophila telomeres encodes mostly satellite elements and three jockey-like non-LTR TEs charged with maintaining Drosophila telomere length ([@msw248-B89]; [@msw248-B13]). Both these telomere-specialized TEs (see below) and telomere-embedded satellite repeats may antagonize telomeric proteins to gain an evolutionary advantage. Akin to intra-genomic conflict models proposed first to explain centromere protein evolution ([@msw248-B46]; [@msw248-B74]; [@msw248-B38]; [@msw248-B23]), we propose that the pressure to suppress the direct and indirect deleterious consequences of selfish telomeric DNA invasion shapes contemporary telomere proteins and protein repertoires. Motivated by the exceptional evolutionary dynamics of telomere-embedded, repetitive DNA and the range of molecular functions spanned by the rapidly evolving genes reported here (DNA repair, chromatin organization, and possibly the terminin complex), we put forward four flavors of intra-genomic conflict that may drive recurrent innovation at essential telomeric proteins.

Interference
------------

Under the interference model, a selfish element gains an evolutionary advantage by blocking the transmission of the alternative allele ([fig. 4](#msw248-F4){ref-type="fig"}) ([@msw248-B12]). This diverse class of selfish element is often depicted as a "sperm killer" that encodes a poison for which only carriers encode the antidote. Sibling sperm sabotage may play out at telomeres when a selfish chromosome targets a competing "sensitive" chromosome by compromising the latter's end-protection during meiosis or early embryonic divisions. Under this model, telomere proteins, particularly the young paralogs and positively selected orthologs that encode end-protection machinery, evolve to suppress this uncapping mechanism of sabotage. The unprotected paternal telomeres in the early embryo fathered by *k81* mutant males (*k81* is a young duplicate of the terminin gene *HipHop*) highlights one potential mechanism of sabotage ([fig. 4](#msw248-F4){ref-type="fig"}). In this scenario, an initial evolutionary pressure to suppress chromosome competition selected for the retention of a young *HipHop* paralog that now protects *all* paternal chromosome ends. This evolutionary pressure may drive prolific *HipHop/k81* gene family expansion in the germline as well as the elevated proportions of adaptive site for terminin members and other end-protection proteins reported above. [Fig.]{.smallcaps} 4Models of intra-genomic conflict proposed to drive telomere protein evolution. Under the Interference model, the selfish element (red box) sabotages the alternative allele, in this case, the sperm that did not inherit the element (yellow chromosome). These sperm either fail to mature or paternal chromosomes mis-segregate in the early embryo. Under the overproliferation model, (1) escaped telomere-restricted transposable elements (red triangles) invade the chromosome end and/or the chromosome interior or (II) the DNA repair process is hijacked in one of two ways: a selfish element (red box) hijacks Break-Induced-Replication (BIR) such that the purple chromosome telomere recurrently serves as the donor sequence for telomere capture either on the homologous chromosome or even non-homologous chromosomes. Alternatively, a telomere-specialized transposable elements opportunistically inserts at an internal double stranded break. Under the Meiotic Drive model, the selfish element migrates to the egg position rather than to the polar bodies that are not transmitted to the next generation. Meiosis I or II may be hijacked.

Overproliferation
-----------------

### Transposon Escape

Most eukaryotic organisms maintain telomere ends by telomerase-catalyzed addition of a specialized repeat element ([@msw248-B45]). In contrast, Drosophila maintains telomere ends via retrotransposition of specialized non-LTR TEs ([@msw248-B69]; [@msw248-B8]; [@msw248-B89]). These three elements, HeT-A, TART, and TAHRE, are non-LTR TEs thought to insert only at the termini of *D. melanogaster* chromosomes via target primed reverse transcription. This highly successful transposon domestication event is often described as genomic symbiosis between the host, who provides a home for the TEs, and the TEs, who combat the host's end-replication problem ([@msw248-B89]). However, natural telomeric TEs that cheat this symbiosis stand to gain an evolutionary advantage ([@msw248-B112]). First, telomeric transposons may escape length regulation and induce excessive telomere growth. These elements would enjoy overproliferation in the next generation but potentially at a fitness cost to the host ([@msw248-B127]). Second, these often-cited telomere-restricted retrotransposons may invade nontelomeric locations. Indeed, cytological approaches have identified pericentromeric heterochromatin insertions ([@msw248-B5]) while genome sequencing approaches revealed rare but detectable Het-A and TART insertions in the euchromatin ([@msw248-B54]; [@msw248-B93]). These ostensibly specialized transposable elements therefore retain an inherent capability to invade other parts of the chromosome Finally, specialized telomeric transposons evolve exceptionally fast ([@msw248-B28]; [@msw248-B14]). Under this intra-genomic conflict model, the pressure of retrotransposon "escape" drives the positive selection of telomere length regulators, such as *Hrb87f, lhr, and hmr*, to suppress TE insertions.

### Hijacked DNA Repair

Many eukaryotes, including humans, combat end-attrition not only by repeat element addition but also by terminal gene conversion ([@msw248-B9]; [@msw248-B85]). This non-reciprocal recombination at chromosome ends occurs when the 3′ strand of one chromatid invades the homologous chromosome (or the sister chromatid in some cases) and uses it as a template for "[B]{.ul}reak [I]{.ul}nduced [R]{.ul}eplication" (BIR; [@msw248-B9]; [@msw248-B85]). Second strand synthesis follows, generating a similarly long telomere on a once telomere-compromised chromosome. *D. melanogaster* achieves telomere extension via recombination-mediated exchange ([@msw248-B78]). We predict that any selfish element embedded in the *donor template strand* can hijack this telomere capture mechanism, achieving biased replication onto other chromosomes---homologous or non-homologous ([fig. 4](#msw248-F4){ref-type="fig"}). An excellent candidate suppressor protein of selfish BIR is Ku80, the positively selected DNA repair gene reported to mediate terminal conversion in *D. melanogaster* ([@msw248-B77]). Alternatively, double stranded breaks in heterochromatin represent unique opportunities for selfish elements to replicate. Selfish elements may insert into sites undergoing recognition, signaling, and/or ligation. The Gag proteins of the telomeric retrotransposons, honed to recognize double stranded DNA at chromosome ends ([@msw248-B98]; [@msw248-B40]), may evolve to recognize these internal sites. Under this scenario, telomeric proteins evolve to compete this recognition machinery away from internal sites, as proposed previously for non-homologous end joining proteins in yeast ([@msw248-B106]). Excellent candidates for this intra-genomic conflict are those positively selected genes whose proteins interact directly with the Gag protein, e.g., Nap1 and Z4 ([@msw248-B113]; [@msw248-B71]). Additionally, adaptively evolving DNA repair proteins are excellent candidate mediators of this conflict (e.g., Ku80, ATR, ATM).

Meiotic Drive
-------------

Female meiosis generates four haploid meiotic products. Only one product enjoys transmission to the next generation. A genetic element that biases its own inclusion into the oocyte can evolve to high population frequency, even at the expense of host fitness (reviewed in, [@msw248-B12]). Neocentromere-like knobs, first discovered in maize, are exemplary ([@msw248-B100]; [@msw248-B55]). Chromosomes that harbor these *distal* heterochromatinized DNA elements move faster along the female meiosis I spindle. The first chromosomes to reach the spindle pole achieve inclusion into the oocyte and therefore win transmission to the next generation. Other heterochromatin-embedded, female meiotic drive elements have been observed in *Mimulus and Mus* ([@msw248-B38]; [@msw248-B23])*.* We propose that meiotic drive elements embedded in telomeric DNA may drive positive selection at telomeric chromatin factors. Consistent with the possibility that, like centromeres, telomeric elements harbor drive-like potential, the subtelomeric DNA of *S. pombe* can recruit microtubules upon canonical centromere deletion ([@msw248-B52]). In flies, ectopic centromeres form preferentially at subtelomeric DNA ([@msw248-B47]). Additionally, telomere-centromere functional interchange has been documented in primates ([@msw248-B124]). Finally, chromosome length can skew transmission rates away from 50% in both flies and worm ([@msw248-B84]; [@msw248-B128]), consistent with the possibility that distal chromosome ends compete for a transmission edge. Under this model, recurrent innovation at a telomere protein mediates the otherwise deleterious consequences of knob-like meiotic drive elements embedded in telomeric heterochromatin. Depending on the mechanism of action, drive suppression might be achieved by evolution of length regulators or chromatin factors that package telomeric heterochromatin (e.g., *hrb87f, hmr, lhr, aub*, and *armi*).

Several of the adaptively evolving, candidate suppressor proteins described here perform essential cellular functions not only at Drosophila telomeres but also across genome. The adaptively evolving DNA repair proteins, for example, are required to mend double stranded breaks in both the heterochromatic and euchromatic compartments ([@msw248-B118]; [@msw248-B22]). RNAi pathway members *aub* and *armi* safeguard genome-wide integrity by maintaining transposable element silencing ([@msw248-B57]; [@msw248-B121]). These non-telomeric roles may in fact represent the source of positive selection shaping a subset of genes reported here. For these genes, positive selection that shapes non-telomeric functions may inadvertently compromise telomere biology. Alternatively, intra-genomic conflict at telomeres may hobble functions performed outside the telomere. Careful functional analyses of the allelic diversity described here is required to discriminate between these alternatives.

The four proposed models of intra-genomic conflict offer a conceptual departure point and empirically testable hypotheses poised for deepening our understanding of essential telomere protein evolution. While Drosophila's transposon-based lengthening mechanism may beckon intra-genomic conflict, our detection of positive selection even at telomere integrity genes without lengthening phenotypes, some of which perform telomeric functions in humans, suggests that even telomerase-based systems may be shaped by recurrent adaptation. The allelic and gene family diversity reported here equips us to functionally address how and why adaptive evolution shapes the ends of linear chromosomes. Our data suggest that while linear chromosome architecture is universal, the molecular machinery required to maintain and protect chromosome ends must be refreshed over and over again.

Methods and Materials
=====================

We used 197 genomes of Zambian D. melanogaster strains that were sequenced by the Drosophila Population Genomic Project phase 3 (DPGP3) and are part of release 1.0 Drosophila Genome Nexus ([@msw248-B64]). According to the recommendations in [@msw248-B64], we masked genomic regions with non-African ancestry or identity-by-decent. Only bases with quality scores at least 30 and sites with at least 100 alleles of nonmissing data are included in our analyses. For outgroup species, we used *D. simulans* ([@msw248-B49]) and *D. yakuba* ([@msw248-B27]) reference genomes. We used Flybase annotation 6.07 for gene model and used liftover (genome.ucsc.edu/cgi-bin/hgLiftOver) to convert between coordinates of release 5 (Drosophila Genome Nexus) and release 6 *D. melanogaster* genome annotations. We parsed sequences of telomeric genes as well as other genes in the genome using a custom Perl script. We estimated π as average pairwise distance ([@msw248-B83]) as well as Tajima's *D* ([@msw248-B119]). We also used maximum likelihood methods implemented in PAML (version 4.9) to estimate *dN/dS* ratio along *D. melanogaster* lineage ([@msw248-B131]). Only genes with at least 100 sites and *dS *\> 0.0001 were included in the analysis. We used polymorphism within *D. melanogaster* and divergence between *D. melanogaster* and *D. simulans* to perform MK test ([@msw248-B76]), with Fisher's Exact Test to determine the significance of the observation. We used mutational paths that minimized the number of amino acid changes to count the number of synonymous and nonsynonymous changes. We excluded codons with more than two states within *D. melanogaster* and counted codons that vary between and within species as both divergence and polymorphism. We performed sliding window MK tests with window size of 100 codons, and 10-codon steps. α for each gene was estimated according to [@msw248-B117]. We implemented [@msw248-B130]) likelihood ratio test to test whether one α (for telomeric genes and all other genes) or two α's (one for telomeric genes and one for other genes in the genome) better fit our data (compare *a* = 1 vs. *a* = 4). Other parameters were kept as default. We estimated Fay and Wu's H according to [@msw248-B36]. To evaluate the significance of our observation, null distribution of H was generated by 1,000 coalescent simulations without recombination (ms; [@msw248-B50]), conditioned on fixed number of segregating sites. Using null distributions with coalescent simulations without recombination is considered conservative ([@msw248-B36]). According to [@msw248-B36], we also incorporated the incidence of incorrect inference of ancestral state due to back mutation in the null distributions.

To test for evidence of positive selection over longer evolutionary timescales, we analyzed orthologs from *D. melanogaster, D. simulans, D. sechellia, D. yakuba, D. erecta, D. ficusphila, D. rhopaloa, D. elegans, D. biarmipes, D. eugracilis, D. takahashii*, and *D. suzukii.* We extracted these orthologs from either flybase.org or genome.ucsc.edu. For most genes, the latter site provided annotated coding sequences. When the intron-exon structure was mis-annotated (revealed by premature stop codons), we used tBLASTn via flybase.org and performed hand-annotation by aligning the coding sequences in question to the annotated *D. melanogaster* allele. After compiling a fasta file of all orthologous coding sequences, we generated a protein alignment using Clustal Omega ([www.ebi.ac.uk/Tools/msa/clustalo/](http://www.ebi.ac.uk/Tools/msa/clustalo/)) and nucleotide-based phylip file using PAL2NAL (<http://www.bork.embl.de/pal2nal/>). For each gene, we fit our multiple alignments to an NSsites model implemented in PAML version 4 ([@msw248-B131]). Using a likelihood ratio test to determine significance, we compared models M7 (*dN/dS* values fit a beta distribution from 0 to 1) and M8 (model 7 parameters plus *dN/dS* \> 1) assuming the F3x4 model of codon frequencies. We used the species tree reported in ([@msw248-B21]).

To discover paralogous genes derived from our focal 29 telomere protection genes, we conducted a tBLASTn analysis against all genomes described above except *D. suzukii*. We compiled all BLAST hits returning an *e*-value \< 0.01. Only hits with reciprocal best BLAST to known family members were retained for further refinement based on synteny. Some genes, such as *effete, hrb75f, hmr*, and *hp1*, encode domains found in many proteins with highly heterogeneous functions. Paralogs of these genes likely do not perform telomere functions and so were not investigated further. Other genes, such as *woc* and *nbs*, are not duplicated in any species investigated. These criteria left us with three gene families founded by *HipHop*, *cav*, and *nap-1*. We built phylogenetic trees using MrBayes ([@msw248-B51]) implemented in Geneious (v.R7).

To determine the expression across adult tissues of these parent and daughter genes, we made cDNA from RNA prepared from the heads, germline tissues, and remaining carcasses of adult flies from *D. eugracilis* (which encodes the same gene set as *D. melanogaster*), *D. rhopaloa, D. takahashii*, and *D. ficusphila*. We designed gene-specific PCR primers to amplify genes of interest from each cDNA pool (supplementary table S6, Supplementary Material online). We used rp49 as our loading control. To confirm the identity of cDNA-amplified gene products, we sequence-verified each product. For the *D. eugracilis nap-1-1B*, we sequenced verified both the large and small isoforms.
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Supplementary data are available at *Molecular Biology and Evolution* online.
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[^3]: Mutant phenotype refers to end-to-end chromosome fusions or a change in telomere length.

[^4]: ^a^We report the proportion of adaptive sites (α) and the Fisher's exact test (FET) *P*-value for tests including all data and rare variants removed (15%). Genes in bold harbor a significant excess of nonsynonymous fixations between species. Mutant phenotype (chromosome fusion, telomere length change) and broadly defined molecular functions are designated across top and on left, respectively.

[^5]: ^a^Window size = 100 codons, step size = 10 codons. Only genes that harbor a significant excess of amino acid-changing mutations between *D. melanogaster* and *D. simulans* and significant MK-windows (for either MK test) are shown. Protein domains are indicated in blue. Dotted boxes refer to overlapping windows that reject neutrality. Only those genes harboring significant windows are reported.

[^6]: ^a^Genes categorized first by molecular function (terminin, DNA repair, transcription/chromatin) and then by mutant phenotype (chromosome fusion, telomere length regulation). We report the log likelihood estimates from a Model 7 - Model 8 comparison. ("\*" = *P* \< 0.10, "\*\*" = *P* \< 0.05).
